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Pattern collapse is a damage phenomenon during the production of microelectronic 
devices. High aspect ratio structures like shallow trench isolation and capacitor-over-
bitline are the most vulnerable patterns. The damage has a distinctive shape, where 
the tops of the structures are connected together with their neighbors either by 
rupture or bending. Normally, this issue is attributed to surface tension forces during 
the drying step of a wet clean process; however, in the past several years other 
influences have been discussed like an increased chemical reactivity of the 
nanoscale structures.  
For the evaluation of these concepts, the measurement of the mechanical stability of 
the nanostructures was necessary which was hitherto only calculated. Sub-50 nm 
polysilicon line structures were measured with atomic force microscopy (AFM). The 
forces were in the range of several µN, depending on their line width. As the pattern 
collapse phenomenon happens when the structures are exposed to liquid media, the 
respective influence of the media was studied. The fracture force was found to be 
influenced by the solid-liquid interface, as much as an increase by 100 %. In contrast, 
the conchoidal damage was influenced by the viscosity, i.e., by the bulk of the liquid.  
For very high aspect ratios, the structures become more vulnerable to pattern 
collapse via elastic bending. Permanent damage occurs only when the tops of the 
structures stick to each other. The concept of solid bridging, where dissolved material 
in the liquid accumulates between the structures and acts like an adhesive, was 
studied with silicon nanoparticles. Significant bridges of silicon oxide were observed 
for evaporative drying. In order to avoid pattern collapse, this formation of bridges, 




Während der Produktion mikroelektronischer Bauteile kann das Phänomen „pattern 
collapse“ zu Defekten führen. Am meisten gefährdet sind Strukturen mit hohem 
Aspektverhältnis. Der charakteristische Schaden ist durch den Kontakt der Spitzen 
von benachbarten Strukturen, durch Verbiegung oder Bruch gekennzeichnet. 
Normalerweise werden Oberflächenspannungskräfte dafür verantwortlich gemacht, 
die während eines Trocknungsschritts nach einer naßchemischen Reinigung 
auftreten. Jedoch sind in den letzten Jahren auch andere Einflüsse wie die erhöhte 
chemische Reaktivität von Nanostrukturen diskutiert worden. 
Für die Bewertung der alternativen Konzepte ist die Bestimmung der mechanischen 
Belastbarkeit der Nanostrukturen unerlässlich welche vorher nur theoretisch 
berechnet wurde. Polysiliziumstrukturen mit einer Breite von weniger als 50 nm 
wurden dazu mit dem Rasterkraftmikroskop vermessen. Die Kräfte befanden sich 
abhängig von der Linienbreite im Bereich von einigen µN. Eine veränderte fest-
flüssig Grenzschicht konnte die Bruchkraft um bis zu 100 % erhöhen. Im Gegensatz 
dazu wurde die Größe der muschelähnlichen Bruchstücke durch die Viskosität, also 
einer Eigenschaft des Volumens der Flüssigkeit bestimmt.  
Mit zunehmenden Aspektverhältnissen werden die Strukturen immer anfälliger für 
„pattern collapse“ durch elastische Verbiegung der Strukturen. Bleibende Schäden 
entstehen hierbei nur, wenn die Enden der Strukturen zusammenkleben. Die Theorie 
des „solid bridging“, wobei sich Silikate zwischen den Strukturen ansammeln und wie 
ein Kleber wirken, wurde mit Siliziumnanopartikeln untersucht. Signifikante 
Verwachsungen aus Siliziumdioxid sind beim Verdampfungstrocknen entstanden. 
Für das Verhindern von „pattern collapse“ ist es wichtig diesen Prozess der Silikaten 
zugeordnet wird zu unterdrücken. 
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The focus of the present PhD thesis is one of the most important steps in the 
semiconductor manufacturing processes: cleaning after dry etch and release of the 
structures by wet etch. Cleaning procedures become more important with shrinking 
size of the structures of the devices, and currently about 30 % of the overall process 
steps in the production of the silicon chip are related to cleaning. The first 
semiconductor devices contained structures in the sub-millimeter range. Obviously 
the ratio of the surface to bulk of these structures was low, and therefore, surface 
chemical reactions could more or less be neglected. During the last decades, the 
dimensions of the structures on typical semiconductor devices have significantly 
decreased. Today, structures as small as 20 nm in width with topography of 400 nm 
are found in silicon based devices. In addition, very thin layers of less than 5 nm 
become common for diffusion barriers or gate oxides. Thus, the aspect ratio of 
(surface to bulk) has significantly changed towards the surface, i.e., the surface 
chemical reactions are much more important.  
During the production of silicon chips, a large variety of processes are utilized. 
Production procedures include vapor deposition for thin film creation, plasma and wet 
chemistry etching for film removal and pattern transfer, chemical mechanical 
polishing for planarization of the wafer, and ion implantation for doping of the 
semiconductor. A wide range of chemicals are used for these processes. Deposition 
and plasma etch processes use gases like silane and HBr. Wet etching and cleaning 
processes use potassium hydroxide solutions, solvents, and hydrofluoric acid. The 
process conditions are very diverse in temperature and pressure. Cleaning 
applications are usually done at room temperature up to 65 °C, while temperatures 
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up to more than 1000°C are used in oxidation and deposition processes. Pressure 
ranges from high vacuum in deposition and plasma processes to atmospheric 
conditions in annealing processes and wet cleaning. Additionally, wet chemistries are 
utilized for material-specific etching, such as diluted hydrofluoric acid for silicon oxide, 
ammonia for silicon, and H2SO4 for photoresists. For the removal of photoresists from 
devices with high-k/metal gates solvents are required because H2SO4 would remove 
the gate as well. Obviously, the chemical reactions inherent in these processes vary 
with the conditions and the corresponding chemistries.  
A state-of-the-art semiconductor product can require around 300 process steps. As 
the size of the individual structures and layers decreases to the nanometer range, the 
interaction between the steps is large and partially not well understood. Additionally, 
only the electrical testing of the final product gives reliable data, whether all of the 
devices on a wafer are working properly. Furthermore, as the production of a device 
can take up to two months the respective data are usually not immediately available. 
For the case of defective devices, a detailed failure analysis is necessary. Root 
cause analysis can be very demanding if two or more processes interacted with each 
other.  
The combination of process complexity with the long response times makes a 
detailed understanding of the processes and their interactions very valuable. In order 
to ensure a high percentage of working devices on a wafer, a good control over these 
processes is necessary. However, because of the enormous complexity, a trial and 
error approach based on the experiences of the manufacturers is employed in the 
semiconductor industry. The result of this approach is that issues that seemed to be 
solved are resurfacing again some years later with smaller technology sizes.  
One of these issues is pattern collapse which has been known in the industry for 
more than 20 years for photoresist structures and for more than 10 years on 
capacitor devices. Some research has been done but the issue was mainly solved by 
optimizing some process parameters which eliminated the immediate problem for a 
time. The understanding of the phenomena is still basic so that when the issue 
appears again, as is happening today, the search for a solution of the problem starts 
again. In order to overcome this cycle, a research project was started with this PhD 
thesis to study the fundamentals behind the pattern collapse phenomena. The 
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knowledge gained in this thesis shall be used later as input for the design of a pattern 
collapse free semiconductor process cycle. 
For a better understanding of the motivation of the work performed during the PhD 
thesis, a brief overview of the history of the transistor development is given and is 
continued by a detailed discussion of miniaturization trends. A more specific 
description of the relevant semiconductor products and the affected structures is 
presented in the subsequent sections. The need for cleaning with liquid chemistry 
and the resulting issue of pattern collapse with the corresponding models and 
prevention approaches are discussed at the end of this chapter. 
1.2 Semiconductor history & Moore’s law 
The transistor was invented by Shockley, Bardeen, and Brattain at Bell labs in 1947. 
The first transistor used two metal electrodes on a base of p-type germanium in a 
bipolar operation principle. P-type means that the holes are the majority carriers 
instead of the electrons, as in an n-type device or in a conductor. A bipolar transistor 
consists of three areas: the middle is the base and the two surrounding areas are the 
emitter and collector, which have opposite majority carriers compared to the base. 
The operation principle is that the electrical resistance between the emitter and 
collector can be controlled by the concentration of the minority carriers in the base, 
hence, the name transistor (from transfer–resistor).  
Ge as base material has a bandgap of only 0.2 eV and is therefore prone to thermal 
runaway, i.e., the intrinsic charge carrier concentration exceeds the dopant 
concentration for Ge slightly above room temperature. The high density of intrinsic 
carriers reduces the transistor to a simple Ge resistor, which causes failure of the 
electrical circuit. Such effects can be minimized by using silicon, which has a 
bandgap of 1.1 eV. Transistors made of silicon became available only after impurities 
in the material could be sufficiently decreased to less than one part per billion by 
H. Theurerer with the zone refining process [1].  
The design of the first commercial transistor was based on the Mesa design (Figure 
I.1), which had the disadvantage of sensitivity to particles on the exposed 
base/collector surface. Typically, such particles caused the electrical failure of the 
entire device. Therefore, the regions needed to be clean, already demonstrating the 
importance of cleaning procedures at the early stages of the semiconductor industry.  
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The introduction of the planar technology by Fairchild Semiconductor [2] in 1959 
decreased the sensitivity to particles on the finished product because the interfaces 
inside the device were buried. The planar transistor, combined with thin film metal 
wiring allowed the design and manufacture of the first real integrated circuit (IC). An 
integrated circuit combines transistors, resistors, and capacitors to an electrical circuit 
on the same monolithic material, i.e., the silicon chip. 
 
Figure I.1 Simplified cross-section through early bipolar transistor geometries. Original drawings 
published by Riordan [1]. 
The bipolar transistor was an intermediate discovery because the original goal was 
the production of a field effect transistor (FET) anticipated by Lilienfeld in 1926 [3]. 
The first such devices were obtained in the 1950s (by Weimer [4]), but these were 
very unstable. At that time it was not understood that metal contamination – 
especially sodium close to the gate – was significantly deteriorating device 
performance.  
In the 1970s, the fundamental knowledge and efficient metal control led to the 
introduction of the metal oxide semiconductor field effect transistor (MOSFET) by 
Kang and Atalla from Fairchild [5]. The transistor was based on an aluminum gate 
(metal) with a silicon oxide (oxide) on a silicon substrate (semiconductor). Only one 
carrier type is used for the operation of a field effect transistor. This is achieved by 
applying an electrical field to the gate, which inverts the channel beneath the oxide 
from the majority carrier type to the minority carrier type. As the major carrier type of 
the channel turns into the same as in the source and drain region, the path between 
source and drain becomes conductive. The MOSFET has the advantage of high input 
impedance similar to a vacuum tube, instead of the low impedance of a bipolar 
transistor.  
In 1967, Wanlass developed the complementary metal oxide semiconductor (CMOS) 
technology, which incorporates both n-type and p-type FET transistors [6]. The 
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CMOS offers far lower power consumption because it requires power only during 
switching the transistor from the on state to the off state or vice versa and none 
during static operation. During the 1980s, the CMOS became the dominant device 
design, which changed little in the subsequent 30 years, although the overall size 
decreased dramatically. The first commercial microprocessor (Intel® 4004) utilized 
structure sizes of 10 µm [7], which was reduced to 32 nm in 2010. The reduction in 
size of the individual structures in a single chip allowed an ever increasing packaging 
density of transistors (Figure I.2).  
 
Figure I.2 Historic review of Moore’s Law (transistor count doubling every two years) with Intel® 
products and the corresponding technology sizes (node) [8]. 
The increasing number of transistors on a single chip was accurately predicted by 
Gordon Moore (co-founder of Intel) in 1965 [9]. According to his prediction, the 
number of transistors on a single chip is doubled every eighteen months. Ten years 
later, Moore updated the ‘law’ to doubling of the transistor count every two years [10]. 
Starting from a mere 60 transistors on an IC in 1965, a state-of-the-art processor in 
2010 contains around 1 billion transistors. Up until now, the prediction has been 
accurate (Figure I.2), [11] and became known as “Moore’s Law” in the semiconductor 
industry. Besides the higher transistor density, the main advantages of the 
miniaturization are the shortened distance to the neighboring transistors and the 
reduced gate capacity, both increasing the speed of the IC and reducing the power 
consumption of the chip. Additionally, the smaller the IC, the more chips fit on a 
single wafer and production cost per chip is reduced, thus, increasing profitability.  
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For the characterization of the chip technology, the smallest feature size determined 
by photolithography is used and is called the technology node. The requirements to 
maintain Moore’s Law are described in the “International Technology Roadmap for 
Semiconductors” [12]. An industry-wide collaboration creates the road-map in order 
to synchronize the development of devices between the semiconductor 
manufacturers and equipment suppliers. The ITRS roadmap specifies, for example, 
the acceptable contamination levels for metals and the critical particle size for the 
cleaning processes. Because the industry is using Moore’s Law as the base for its 
operation planning, some researchers consider it a self-fulfilling prophecy.  
The question of the end of Moore’s Law has been raised by many (including Gordon 
Moore himself) and especially in combination with seemingly insurmountable 
barriers, e.g. using photolithography for structures smaller than the half of the 
incident wavelength or gate oxide thickness smaller than 0.5 nm [13]. Currently, 
structures as small as 20 nm are developed using 193 nm photolithography with the 
help of phase shift masks [14], immersion lithography [15], and double patterning 
techniques [16]. The barrier of unacceptable thermal noise created by the thin gate 
oxide has been resolved by using oxides with a higher dielectric constant than silicon 
oxide in order to provide the same electrical characteristics with a lower leakage 
current [17]. This example demonstrates the necessity for the introduction of new 
materials in order to overcome technology road-blocks. Further examples are the 
usage of Ge or SiGe alloys for higher electron and hole mobilities in the source-drain 
area and the use of TiN and Ru for DRAM (dynamic random access memory) 
capacitor electrodes [12]. Thus, it is believed that Moore’s Law will continue to remain 
valid for several years. 
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1.3 Semiconductor Devices 
In addition to the logic products like microprocessors mentioned in the previous 
section, there is the large sector of solid state memory chips which can be divided 
into volatile and non-volatile categories.  
Volatile memory is dominated by DRAM for PCs and notebooks. The main purpose 
of the memory is to store binary information with rapid access to the microprocessor 
for further processing. Therefore, the DRAM cells are built into a matrix so that every 
single bit can be randomly accessed. In 1968, R. H. Dennard invented the principal 
design of a single DRAM cell, which consists of a capacitor for storing the information 
and a transistor for accessing [18] (Figure I.3). The capacitor design makes it 
necessary to refresh the information/electrical charge within the retention time of 
64 ms [12], otherwise the information is lost. An overview of DRAM technology and 
challenges has been given by Faul et al. (Infineon/Qimonda) [19] and Kim (Samsung) 
[20].  
 
Figure I.3 SEM cross sections of DRAM cells a) during production before the deposition of the 
dielectrics (includes hemi-spherical grained silicon (HSG) electrode), and b) post production 
with fully formed capacitor and contacts. SEMs courtesy of [21] with permission from Elsevier®. 
Over the last few years, flash memory has become popular in the form of USB sticks, 
MP3 players, memory cards, and as hard disk replacements in ultraportable 
notebooks. Flash is a non-volatile memory which was originally patented in 1984 by 
Masuoka [22] from Toshiba and commercialized in 1988 by Intel [23]. Storage of the 
information in flash memory is achieved by an electrical charge in a floating gate of a 
MOSFET transistor (Figure I.4). The floating gate is isolated in all three dimensions 
and as a result, retains the electronic charge/information for about 10 years. For 
reading the information, the transistor is either conductive or non-conductive. Write 
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and erase operations are performed via tunneling currents by using the control gate 
which overcomes the floating gate. The lateral isolation perpendicular to the source 
drain path is achieved with shallow trench isolation (STI) structures (Figure I.5) 
(section 1.4.2). More information on the development of flash memory and its 
operation can be found in the publications of Bez et al. [24], [25]. Current and future 
trends on memory devices are sketched by Kim et al [26] and Lu et al [27], which 
state that DRAM and flash memory will extend down to the 20–30 nm nodes. Beyond 
that, they expect the introduction of new gate geometries like charge trap devices 
and completely different technologies like phase change random access memory 
(PCRAM). Currently, the mainstream manufacturing technology is 45 nm with 32 nm 
in development. 
 
Figure I.4 Gate structure of a flash memory cell. 
 
Figure I.5 Simplified 3D model of a flash memory cell. Note the isolation features around the 
floating gates (red) which are the STI in x-direction and the word line dielectric in y-direction. 
Model courtesy of D. Preiml (Lam Research AG) using the model of J. Postel-Pellerin et al. [28] 
as a guideline. 
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1.4 Semiconductor Structures with High Aspect Ratios 
Lateral space on the silicon substrate is very valuable due to the increasing density of 
structures on an IC. Therefore, some structures are built into the third dimension, 
either buried inside the silicon substrate or built on top. The most important examples 
are capacitors on a DRAM chip and shallow trench isolation structures in flash 
memory devices. Proposed advanced gate structures like FinFETs also have high 
aspect ratios [29]. The aspect ratios of photoresist structures used for 
photolithography are limited by the ITRS because of pattern collapse (section 1.6). 
Nevertheless, photoresist is not considered in this PhD thesis due to existing 
research in the 2000s and their replacement by metal hard-masks in the applications 
prone to pattern collapse.  
The aspect ratio is defined as the height of the structure (h) vs. its line width (b) both 
for line structures and cylinders (Figure I.6).  
 
Figure I.6 Definition of the aspect ratio for line structures (a) and cylinders (b). 
1.4.1 DRAM Capacitors 
Currently, a DRAM cell consists of a transistor to access and a capacitor to store the 
binary information as an electrical charge. According to Moore’s Law, the storage 
density increases with each new technology node and, therefore, the individual size 
of a single DRAM cell has to be decreased. Traditional scaling rules are applied to 
the transistor. At the same time the charge and the capacity is required to stay at the 
same level during device scaling ( O PQ () in order to assure stable circuit 
operation and sufficient soft-error immunity (i.e., immunity to cosmic X-rays) [12]. The 
capacity of a simple parallel plate capacitor is defined by equation [1] 
  O  3  [1]  
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where  is the vacuum permittivity,  is the relative permittivity,  O 3 is 
the area of the plates, and  is the thickness of the insulator between the plates. 
The state-of-the-art capacitor geometry on semiconductor chips is a cylinder (Figure 
I.7). An overview of the historic development of capacitor geometries can be found in 
the literature [21], which shows the trend of increasing aspect ratios for capacitors.  
 
Figure I.7 Cylindrical DRAM capacitors. a) top view of bottom electrode (black) and b) side view 
along AA' of finished capacitors with dielectrics (blue) and top electrode (grey). 
Scaling of the cylinder geometry also automatically decreases the capacity. In order 
to ensure a constant capacity, the other parameters have to be adjusted. The oxide 
thickness may be reduced, but only within the limit of acceptable leakage currents. 
The relative permittivity  is determined by the choice of the insulator material. 
Originally silicon dioxide with a relative permittivity of 3.9 was used and has been 
replaced by HfO2, ZrO2 or Ta2O5 with relative permittivies around 40.  
 
Figure I.8 Aspect ratios of capacitor-over-bitline and STI structures based on data from ITRS 
[12]. 
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At the early stages, the cylinder consisted of polysilicon, but has since been replaced 
by TiN due to its higher conductivity, which decreases the time delay during 
read/write operations. For the future, several materials are under consideration as 
novel electrode materials, including Ru, RuO2, Pt, IrO2, and SrRuO3 [12]. However, 
the incorporation of these proves to be difficult [30], and these materials have not 
been introduced to mass production as of 2010. 
All the measures mentioned above are not sufficient to ensure enough capacity 
without an increase of the aspect ratio of the capacitor. Scaling of the cylinder height 
is predicted by the ITRS and shown in Figure I.8. 
Two technologies were dominant over the past decade: one is burying the capacitor 
underneath the transistor inside the silicon substrate (trench) and the other is the 
stacked capacitor, which is placed above the transistor level (Figure I.9). The first 
approach has been abandoned.  
 
Figure I.9 TEM cross section of 110 nm stacked capacitor DRAM structures.  
Reprinted from [31] with permission from Elsevier®. 
1.4.2 Shallow Trench Isolation Structures 
Isolation between the transistors on a single chip has been traditionally achieved by 
the LOCOS (local oxidation of silicon) technology. Currently, this has been replaced 
by shallow trench isolation (STI) structures, especially for flash memory devices 
where the isolation and space requirements are most severe. In this application the 
term “shallow” in STI is misleading because the height of the STI exceeds its width by 
several times (Figure I.8).  
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For a better understanding of the semiconductor manufacturing cycle, a general 
outline is given for the formation of STI structures. An actual and more detailed 
example can be found in the literature from Applied Materials and Powerchip [16]. 
The manufacturing starts with growth of the gate oxide, followed by the deposition of 
a polysilicon and a silicon oxide layer. The latter is utilized as a hard-mask for the 
silicon substrate. Subsequently, a photolithography step is performed, which includes 
the deposition and the structuring of a photoresist layer (Figure I.10 a), which uses a 
double patterning technique for STI [32]. Transferring the structure from the 
photoresist into the silicon oxide hard-mask is achieved by a Bosch process [33] 
(Figure I.10 b). This process combines plasma etch with the deposition of an organic 
layer to protect the sidewalls and enables the manufacturing of high aspect ratio 
structures [34]. The hard-mask is necessary because photoresist would not be 
chemically stable enough for the subsequent Bosch process for structuring the 
polysilicon (Figure I.10 c) and the silicon substrate (Figure I.10 d). The final STI 
structure is shown in Figure I.11. However, some of the organic material on the 
sidewalls remains after the end of the dry etch processes (Figure I.12). If not 
removed, the post-etch residue would cause catastrophic device failure. Wet cleaning 
is generally used after both the hard mask and the STI etch. Finally, the trench is 
filled with silicon oxide by applying a high density plasma process [35].  
 
 
Figure I.10 Process flow for the formation of STI structures; a) starting with the patterned 
photoresist and ending with d) the fully etched STI trench. Please note: Schematics are not 
shown to scale. 
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Figure I.11 SEM micrographs of STI structures from 51 nm flash memory from Samsung for 32 
(a) and 44 (b) cell structures. Taken from [36] with permission from Elsevier®. 
1.4.3 MEMS Structures 
Micro-electro mechanical systems (MEMS) are small machines with a length scale of 
less than 1 mm and more than 1 µm which are produced by using the wafer based 
processing procedures well established in the semiconductor industry. Important 
applications are pressure sensors [37], micro-mirrors for video projectors [38], and 
inertial moment sensors. The latter is found as yaw and accelerometer sensors in 
various applications, from the terminal guidance of re-entry vehicles of 
intercontinental ballistic missiles [39], to the rotation of cameras, and most commonly 
in the automotive industry, e.g., airbag control [40]. 
Inertial sensors are generally based on the principle of a mass attached to a spring. 
The suspended mass is deflected by acceleration due its moment of inertia. The 
deflection is usually measured by a change in the capacitance between an electrode 
on the suspended mass and a fixed reference electrode. In order to increase the 
sensitivity and the signal-to-noise ratio it is favorable to increase the capacity 
between the spring and the reference electrode. Thus, the designs include large 
areas and small gaps between the electrodes by using high aspect ratio structures 
and interleaving them. However, this creates the issue of stiction, which is described 
in section 1.6.2 in more detail. 
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1.5 Wet Surface Processing of Silicon Wafers 
Surface processing of silicon wafers with liquid (wet) chemistry has two main 
objectives: etching and cleaning. Wet etching utilizes the more selective etch rates of 
liquid chemistries on different materials and crystallographic orientations compared to 
plasma (dry) etching. Cleaning is an important part of the semiconductor process 
cycle that improves the device yield by removing contaminants such as particles, 
metals, and post-etch residues (Figure I.12).  
 
Figure I.12 Particle (left) and post etch residue (right, courtesy of Lam Research).  
In 1970 Kern et al. from RCA (Radio Corporation of America) labs introduced a 
cleaning sequence that still remains the main cleaning approach in the 
semiconductor industry [41]. It consists of two parts: first, the “standard clean 1” 
(SC1) using ammonia, hydrogen peroxide, and de-ionized water and, second, the 
standard clean 2 (SC2), consisting of hydrochloric acid, hydrogen peroxide, and de-
ionized water. The original recipe fixed the concentration; however, more recently the 
concentrations tend to be much more dilute than the originals due to environmental 
and economical concerns, as well as the limitation of attack on the surface (etch 
loss). The main purposes of SC1 are the removal of particles and post-etch residues, 
while, the main goal of SC2 is the removal of metal ions. These original processes 
are still widely used, though there are also other processes based on organic 
solvents, hydrofluoridic acid, or sulfuric acid. After most cleaning processes a 
common procedure is rinsing the wafer with clean de-ionized water in order to 
remove the previously used chemicals.  
Subsequently, a controlled drying process has to be performed in order to prevent re-
deposition of the dispersed particles, as well as deposition of silica residues (“water-
marks”) (Figure I.13) during the de-wetting/drying phase. Water-marks are particle 
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aggregations of silicon oxide or silicon (in case of a HF pre-clean process) [42], [43], 
[44] which would cause catastrophic device failure. Another source of damage during 
drying is called pattern collapse, which can be attributed to surface tension (section 
1.6). 
 
Figure I.13 SEM micrograph of water mark on silicon surface. Diameter is approx. 0.5 µm. 
Courtesy of Lam Research. 
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1.6 Pattern Collapse 
In this section, the phenomenon of pattern collapse in microelectronics is described, 
the current models are presented and the shortcomings of these are discussed. 
Additionally, research on this phenomenon with MEMS devices is mentioned and 
concepts for the prevention of pattern collapse are discussed.  
1.6.1 Definition and Standard Surface Tension Model 
Pattern collapse is a mechanical damage phenomenon occurring during the 
manufacturing cycle of a semiconductor device which can be attributed to wet 
chemical processes. The damage shows a distinct picture, typically two or more 
structures (patterns) stuck together at their free ends. Three different forms of pattern 
collapse can be distinguished due to the shape of the damage at the base of the 
structure (Figure I.14): the first form is a rupture inside the material (b); the second is 
delamination of, the structure at the interface to the substrate material beneath (c); 
and the third is no observable rupture, i.e., bending of the structures (d). 
 
Figure I.14 Principal shapes of pattern collapse: a) no collapse, b) ruptured in the material, c) 
delaminated at the interface, d) bending (elastically). 
There is no distinctive nomenclature for the pattern collapse phenomenon which may 
also be known as stiction and leaning. The term stiction is mostly used for MEMS 
devices, whereas leaning is more commonly used for the collapse of DRAM 
capacitors. Only limited literature is available for the latter [45], [20], and no literature 
is available for STI, probably due to the sensitive corporate intellectual property 
involved in the formation of the structures. Nevertheless, Namatsu et al. [46] showed 
pattern collapse of <110> silicon structures with a similar shape as STI structures 
(Figure I.15).  
The mechanical force responsible for pattern collapse is generally attributed to 
surface tension forces [47], [48]. If the wafer is fully covered with a liquid film, then 
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the liquid/gas interface is relatively far away from the wafer surface and, hence, from 
the structures. Thus, surface tension forces are only significant during the wetting 
and de-wetting phase of cleaning processes. 
 
Figure I.15 Pattern collapse of <110> silicon test structures. Reprinted with permission from 
Elsevier® [46].  
In early studies, it was shown with atomic force microscopy (AFM) in liquid phase that 
pattern collapse happens during the de-wetting phase [47], [49]. The surface tension 
force is modeled with the Laplace equation, applying a geometric relation of the 
radius of the meniscus of the liquid and the space between the structures [48]. From 
the analysis of the forces (section 2.1), it is evident that high aspect ratio structures in 
combination with high surface tensions and mechanically weak materials (like 
photoresist) are most vulnerable to pattern collapse. Several more detailed numerical 
models have been proposed [50], [51], especially for more complex geometries [52], 
[53], [54], which seem to confirm surface tension as the major force for pattern 
collapse.  
However, the big issue for all the models is the mechanical strength of the 
microelectronic structures. Most commonly, beam mechanics are used in order to 
analyze the force necessary for pattern collapse [55], [47], [48]. Finite element 
analysis (FEA) models are also based on the beam sway model; however, the real 
geometries are more complex. The models mentioned above are applicable only for 
the bending case of pattern collapse (Figure I.14 d). For the case of delamination and 
rupture, (Figure I.14 c, b), the corresponding forces were studied by AFM 
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measurements for photoresist line structures [56], [57], [58] and pillars [59]. 
Additionally, silicon dioxide nano-pillars were studied with AFM measurement [60], 
and it was found that delamination occurs at the interface [61], with some 
dependence on the surrounding chemistry [62]. There was only very limited 
experimental data at the beginning of this thesis on the mechanical stability of 
semiconductor nanostructures from device materials (i.e., non photoresist materials).  
1.6.2 Pattern Collapse for MEMS Devices 
The pattern collapse phenomenon is known not only for the nanosized structures 
mentioned before, but also for MEMS devices (section 1.4.3), which include high 
aspect ratio structures as well. There is a significant difference between MEMS and 
microelectronics. In the latter case, the trenches between the structures are filled with 
material, and therefore, the structures are only vulnerable to pattern collapse for a 
certain number of process steps. In contrast, MEMS devices need to have freely 
moving parts (e.g., in inertial sensors), and therefore the prevention of pattern 
collapse needs to be ensured over the entire lifetime of the device. Significant 
research has been done to study this pattern collapse phenomenon in MEMS. A 
mechanical analysis of micro-beams was given by Mastrangelo and Hsu [63], [64]. 
The mechanical resistance of the beams depends on the respective aspect ratios 
and can therefore be used to characterize the “sticking forces”. Arrays of micro-
beams with different aspect ratios were used experimentally for the quantitative 
analysis of capillary and adhesion forces.  
These sticking forces prevent the elastically deformed structures from relaxing into 
their original positions after the liquid is removed. The sticking forces for MEMS 
devices are van der Waals type for hydrophobic and hydrogen bonding for 
hydrophilic silicon surfaces [65]. Additionally, the phenomenon of solid bridging [66], 
[65], [67] can occur where residues are formed between the structures thereby 
increasing the adhesion forces considerably [68].  
The elastic nature of the bending-type pattern collapse allows for the concept of 
reducing the adhesion forces to a level below the restoring elastic force, which 
ensures detachment after the liquid is completely removed. A decrease of the 
adhesive energy can be achieved via the application of low surface energy organic 
coatings, reduction of the contact area via sidewall spacers, as well as increased 
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surface roughness [69]. For a review of the adhesion and stiction phenomena see 
[70] where all major concepts and aspects are presented and discussed. 
STI structures (section 1.4.2) approach similar aspect ratios as MEMS devices, and 
therefore, the bending case with stiction may become important for microelectronics 
as well. For the prevention of (expected) future stiction in STI structures, it is 
important to understand whether the solid bridging phenomena may become more 
important with decreasing size of the structure due to nanoscale effects  
1.6.3 Concepts for Prevention of Pattern Collapse in 
Microelectronics 
In addition to the prevention of water marks, the prevention of pattern collapse [43] 
has been a major issue in the development of drying processes used in the 
microelectronic industry. Traditional single-wafer processes include spin drying and 
air flow drying, whereas more recent approaches use alcohols or alcohol/de-ionized-
water mixtures (typically isopropanol (IPA)) for achieving lower surface tension and, 
therefore, are expected to cause less pattern collapse (Figure I.16). Low surface 
tension developers for photoresist have also been discussed [71].  
 
Figure I.16 Surface tension of typical and proposed drying liquids in the semiconductor industry. 
Additionally, the use of ultra-low surface tension liquids like hydrofluoroether (HFE) 
are considered, and the use of supercritical CO2 has been studied and promoted by 
some groups [46],[72], [73], [74]. The latter would eliminate any surface tension 
forces and, therefore, would be theoretically ideal for the prevention of pattern 
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collapse. However, there are several issues for introducing these solvents into the 
semiconductor process-flow due to the level of cleanliness required (i.e., the solvent 
is more contaminated than the surface to be cleaned) and also because of 
economical reasons. Thus, no supercritical drying is used in the microelectronic 
industry today, and its introduction continues to be pushed out to the future. 
The second promising concept is to strengthen the structures instead of decreasing 
the surface tension. One early example is to increase the mechanical resistance by a 
post-bake of the photoresist prior to the drying step [75]. Another example is the 
introduction of additional support structures. The prominent example of this is the 
MESH (mechanically enhanced storage node height) structure in DRAM products 
from Samsung (Figure I.17) [26], which provides a mechanical spacer ring between 
the cylinders. This structure is expensive due to the additional process steps in the 
manufacturing process, and it also decreases the electrical isolation between the 
DRAM cells. As a result, a solution without support structures would be beneficial. 
Additionally, support structures for STI structures seem to be not economical at the 
moment. 
 
Figure I.17 DRAM capacitors with MESH structure. Reprinted with permission from Elsevier® 
[26].  
1.6.4 Pattern Collapse Theories Other than Surface Tension 
During the last years, additional theories have been discussed in the industry related 
to pattern collapse; however, none of these were published. In this section the “new” 
hypotheses are briefly named and discussed.  
Post-etch residues, have been observed to increase pattern collapse, which may be 
due to a reduced contact angle compared to hydrophobic silicon. Chemical reactions 
between the post-etch residues may be possible as well. However, the residues 
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would cause device failure without pattern collapse, which make this hypothesis 
secondary. 
A very sensitive issue is electrostatic charging during wet chemical processes, which 
can lead to catastrophic device failures due to electrostatic discharge. Additionally, 
localized electrostatic charges may also introduce mechanical forces sufficient for 
pattern collapse. In this case, the defect is already generated by the electrical 
discharge, and so mechanical collapse does not matter anymore.  
The reduction in physical size of the structures also decreases the mechanical 
stability sufficiently against forces that could be previously neglected. In addition, 
mechanical stress at an interface introduced by high temperature deposition of a 
layer with different coefficient of thermal expansion can lower the collapse force 
significantly. The force models discussed include air flow over the rotating wafer, 
hydrodynamic forces, centrifugal forces [76], and mechanical shocks due to wafer 
handling. For the centrifugal and hydrodynamic forces, a damage picture following 
the force geometry would be expected. In case of the former, all damaged structures 
should be bent towards the wafer edge, which has not been observed. The largest 
uncertainty when discussing the force models is the mechanical stability of the 
nanostructures. Mostly beam mechanics, in combination with material constants 
measured in the micron scale, are used. It was unknown whether these parameters 
and the models can be extended to the nanometer scale. Additionally, surface 
chemical reactions may influence the mechanical stability of the structures via a 
corrosion process. 
Vibrations have also been proposed as being sufficient for bringing the structures 
statistically into contact. This case is more closely related to stiction in MEMS 
devices, where sufficient adhesion forces have to keep the structures together for 
pattern collapse (section 1.6.2). However, it is assumed that the structures in 
vibration may touch neighboring structures but usually also detach again. A similar 
effect could also happen during a drying process when the capillary force is finally 
removed through evaporation. Thus, there must be either a line width variation or an 
additional “sticking” force for the cases where permanent pattern collapse occurs. 
The most probable case would be a solid bridging process, which has not yet been 
observed in microelectronic structures. 
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As the size of the structures approaches atomistic levels, previously unknown or 
disregarded effects may become important. Capillary condensation may introduce a 
lower level in terms of structure size for ambient processing and storage. In such a 
case humidity would immediately condense into the trenches of the structures which 
would then lead to pattern collapse even before a cleaning process is attempted.  
Pattern collapse is a serious issue for the most advanced products of the 
semiconductor industry (like flash and DRAM), which progress into structure sizes of 
40 nm and below. Traditional models attribute pattern collapse to the surface tension 
force. In order to get a better understanding of the phenomena, especially in light of 
the proposed models other than surface tension, two major points for further studies 
were identified: the mechanical stability of nanostructures and solid bridging of 
nanosized structures. However, first an evaluation of the forces between 
nanostructures is performed in order to evaluate the traditional surface tension 
theory. 
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II Theory 
The interactions between nanostructures in close proximity, with application to 
pattern collapse are described in this chapter. In addition to surface tension forces, 
van der Waals forces, spin forces, and hydrodynamic forces are considered, as well 
as hydrogen bonding and solid bridging (see section 1.6.2). Body forces such as 
gravitation are neglected due to the small size of the structures; however, for single-
wafer cleaning, centrifugal forces could be an issue, and so these are included. In the 
second part, these forces are discussed with respect to the mechanical stability of 
silicon structures.  
2.1 Forces at the Nanoscale during Drying 
Here the most prominent forces for nanoscale structures are described and 
compared in terms of their significance during a drying process (section 2.1.7). The 
geometry of two parallel plates is employed, which is most suitable for line structures. 
For ease of comparison, the forces are normalized with respect to the area. A similar 
comparison can be found in the literature for MEMS devices [65]. For the structures, 
the material data from silicon is used. 
2.1.1 van der Waals Forces 
The term van der Waals (vdW) forces summarizes interactions between dipoles, 
which consist of three parts: orientation, induction, and dispersion [77]. The 
interaction of permanent dipoles is considered under orientation. Induction describes 
the forces between a permanent dipole and an induced dipole based on the 
electromagnetic field from the permanent dipole. The dispersion force is quantum 
mechanical in origin and can be intuitively understood as the instantaneous finite 
dipole moment of a non-polar atom. Nevertheless, the time average of this dipole 
Chapter: II Theory 
24 
moment is zero [77]. All three parts interact with the surrounding material resulting in 
a finite force.  
The interaction energy of two flat surfaces M&' is given in equation [2] for the non-
retarded regime (d < 20 nm) according to ref. [77]  
 M&' O N&' O R
	SPT: [2]  
where 	 is the Hamaker constant and  the distance between the surfaces. The 
Hamaker constant for two silicon oxide surfaces interacting through water is given as 
0.83 10-20 J [77]. The corresponding force due to van der Waals interaction yields  
  &' O (&U O
	VTW  [3]  
per unit area (equation [3]).  
2.1.2 Hydrogen Bonding  
When the separation between hydrophilic silicon surfaces becomes small, hydrogen 
bonds can be formed. The energy of such bonds is determined by the type of 
acceptor and donor atoms, density of hydroxyl groups on the surface and their 
geometric orientation. Considering only Si-OH groups, depending on the density, the 
usual adhesion energies are calculated to be in the range of 90–350 mJm-2 [65], [70]. 
The experimental data from wafer bonding experiments on hydrophilic silicon 
confirms this energy range, and values between 50 and 200 mJm-2 are reported [78].  
2.1.3 Solid Bridging 
Non-volatile impurities in the rinse liquid can be deposited on the surfaces if the 
drying process is governed by evaporation [66]. These impurities can originate from a 
previous etch process or silicates directly dissolved in the rinse liquid (de-ionized 
water). In small gaps or holes, the deposition is increased and can act as glue 
holding the structures together. The bonding strength exceeds forces exerted by the 
vdW interaction and hydrogen bonding forces at the contact [68].  
2.1.4 Electrostatic Forces 
It is necessary to prevent electrostatic charging on a wafer in order to prevent 
electrostatic discharge. Furthermore, the electrostatic charges can also exert forces 
on the structures on the wafer. The electrostatic force per unit area  between two 
conducting plates is given by equation [4] 
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  % O (% O
K:P:  [4]  
where  is the vacuum permittivity,  is the distance between the plates, and K is the 
voltage difference between the two plates. As there is a conductive path between the 
structures, only very small voltage differences are possible. The voltage is set to 
0.5 Volts, which is a worst case assumption; this would cause a significant current of 
1 mA/cm along the conductive path. Nevertheless, when the structures are subject to 
extreme local charging conditions like a SEM electron beam with high acceleration 
voltages in the 10 kV range, higher potential differences between two opposing 
structures are also possible.  
2.1.5 Centrifugal Forces 
During spin drying of silicon wafers, rotational speeds of up to 2000 rpm may be 
applied in order to dry the wafer surfaces. Additionally, alcohol-based dryers on spin 
tools operate usually in the range of 500 rpm. Centrifugal forces on the structures 
itself also need to be considered. The centrifugal force (" is defined as (equation 
[5]) 
 (" O 8 X L: X @ O 8 X YP X T X ;Z: X @ [5]  
where 8 is the mass of the body, L is the angular frequency, ; is the rotational 
speed, and @ is the radius of the respective body from the center. Thus, a structure at 
the edge of the wafer experiences the highest forces.  
For the mass of the body, two different scenarios are considered. The first describes 
only the mass of the structure itself according to equation [6] 
 89 O ?* X 3 X 0 X M [6]  
where ?* is the density of silicon (2.329 g/cm3), 3 is the structure height (e.g., 
150 nm), 0 is the length of the structure and M is the line width of the structure (e.g. 
40 nm).  
For the second model, the liquid next to the structure is added to the mass. This 
situation corresponds to a dam holding back the fluid that is pressed towards the wall 
by centrifugal forces. A reasonable value for free distances on a silicon chip is about 
10 µm. The combined mass with the structure is given by equation [7] 
 8: O 89 [ 8% O 89 [ ?% X 3 X 0 X M% [7]  
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with % being the density of the liquid, in our case water (1 g/cm3); 3 the height of the 
dam, i.e., the structure (150 nm); 0 the length of the structure; and M% the width of the 
liquid. As the mass of the liquid is exceeding the mass of the structure, the later can 
be safely neglected. Inserting equations [6] and [7] into [5] and assuming that @ is 
exceeding M% by several times and normalizing to the respective area gives the 
following equations 
  # O (#3 X 0 O YP X T X ;Z: X @ X ?* X M= [8]  
  $ O ($3 X 0 O YP X T X ;Z: X @ X ?% X M% = [9]  
2.1.6 Capillary Force 
After the wet (cleaning) process, the remaining liquid film is removed by drying. When 
the liquid-air interface gets close to the surface of the structures, it breaks up into 
menisci. An example of menisci in nanoscale structures has been visualized by TEM 
for carbon nanotubes [79]. The pressure difference across a meniscus, \]^, is 
described by the Young-Laplace equation [80] [10] 
 _ O -% `S@A [
S
@Ba= [10]  
where -% is the surface tension, and @A and @B are the radii parallel and perpendicular 
to the line structures, respectively. The radius parallel to the structure exceeds the 
perpendicular radius by orders of magnitude and is therefore negligible for the 
pressure difference. Thus, equation [10] is reduced to equation [11] 
 b O P X -% X cde "  [11]  
when taking the contact angle into account. Here " is the contact angle, and  is 
the distance between the lines. The pressure difference across the interface tends to 
pull the structures together if the contact angle is less than 90 degrees. If the liquid is 
homogeneously distributed between the structures, then there is no resulting force 
(structure C in Figure II.1). In that case, capillary forces on either side of the structure 
cancel each other. A net force only exists if the forces are unbalanced by different 
filling heights of the trenches on the opposite sides of a structure (A) or by dissimilar 
spacing of the structures (B) (Figure II.1). The capillary force is defined as the 
capillary pressure in combination with the respective area (equation [12]).  
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 ( O b X  [12]  
 
Figure II.1 Scheme of balanced (C) and unbalanced capillary forces in dense structures (dark) by 
a variation in fill height (A) or spacing (B). 
For the case of different filling heights, the resulting force (! is determined by the 
variation of the wetted area. In the case of different spacings () is given by the 
difference in capillary pressure due to the larger meniscus radius in the trench on the 
right side compared to the one on the left side of the structure (b) (see equations [13] 
and [14]) 
 (! O P X -% X cde " X 3 X 0 [13]  
 () O P X -% X cde " X 3 X 0 X f S R
S
g [14]  
where 0 is the length of the line structure. All other parameters are illustrated in 
Figure II.1.  
The line width variation for STI structures is very small, and the edges of the STI 
arrays are typically covered by the larger bitline transistors. Therefore, the case of 
different spacing is negligible, and, only the case with different filling heights is 
considered. For the force analysis in section 2.1.7, a worst case scenario is assumed 
where the trench on one side of a structure is completely filled with water 
(-% = 72 mN/m) or isopropanol (-% = 22 mN/m) and the opposite trench is filled with 
air. A hydrophilic situation is assumed for both liquids with contact angles less than 
10 degrees, giving a hij  close to 1, which yields  ! (equation [15]) 
  ! O (!30 O
P X -% X cde "  [15]  
Recently, Farshid Chini et al. [81] introduced a new model for pattern collapse that 
added the lateral surface tension to the capillary pressure (Figure II.2). Only the 
component perpendicular to the structure of the surface tension (*+, force adds to the 
overall force. 
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 (*+, O -% X 0 X jkl " [16]  
 
Figure II.2 Horizontal component of the surface tension force. 
Comparing the surface tension force (*+, with the capillary force (! [13] gives an 




P X 3 X hij " X jkl "  [17]  
For the case of STI structures with an aspect ratio 3< of 20 and a low contact 
angle as for isopropanol on silicon structures it is safe to assume that the capillary 
force exceeds the surface tension force by at least an order of magnitude. Thus, the 
latter can be neglected in this case. However, for photoresists with lower aspect 
ratios and higher contact angles it may be different.  
2.1.7 Evaluation of the Forces 
The different possible forces discussed above are now compared to each other and 
with respect to their relevance in pattern collapse. The main forces between two 
structures are shown in Figure II.3 for electrostatic, van der Waals, and capillary 
forces. The latter are calculated for de-ionized water and isopropanol, which are the 
liquids most commonly utilized in drying processes in the semiconductor industry. 
From Figure II.3, it is obvious that capillary forces significantly exceed van der Waals 
and electrostatic forces.  
Another concern are the spin forces acting on the structures during spin processing. 
These do not depend on the distance between the structures and are in the 
negligible range of 102 Nm-2, for a 40 nm structure (at the edge of the wafer with a 
speed of 500 rpm). Adding the weight of the liquid of the adjacent 10 µm increases 
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Figure II.3 Comparison of van der Waals, electrostatic, and capillary forces between two plates. 
For the case of pattern collapse with elastic bending of the structures (Figure I.14 d), 
an adhesion force at the contact point of the structures (Figure II.4) compensates the 
elastic deformation energy. Initially, this is probably the capillary force which is 
reduced by evaporation down to the equilibrium Kelvin radius @2 (equation [18]) 
 @m O P X -%K	C X H X 0; 
 [18]  
where K	 is the molar volume of the liquid, C is the gas constant, H is the 
temperature, and n is the relative vapor pressure.  
 
Figure II.4 The bending case of pattern collapse with the area of adhesion and the Kelvin radius.  
Finally, it was found for MEMS devices that after drying, capillary forces are no longer 
significant. The hydrophobic silicon structures are bonded by vdW forces and for 
hydrophilic surfaces hydrogen bonding is dominant [65]. The theoretical and 
experimental energies are shown in Table 1. Additionally, the effect of solid bridging 
can significantly increase the adhesion forces. 
Kelvin radius
Adhesion area
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Table 1 Interaction energy of silicon surfaces (theoretical and experimental) as published by 
Legtenberg et al. [65] and Maboudian et al. [70]. 
Theoretical type of force van der Waals hydrogen bridging 
interaction energy [mJ/m2] 29 90 – 350  
Experimental surface hydrophobic hydrophilic 
interaction energy [mJ/m2] 50 ± 50 260 ± 100 
 
The theoretical comparison of forces indicates that capillary forces are dominant 
during a drying process. Once collapse has occurred for the case of bending 
experiments with MEMS devices, van der Waals forces and hydrogen (bond) bridging 
become the dominant adhesion forces that keep the structures together. The 
unknown parameter in terms of formation and magnitude is the phenomenon of solid 
bridging.  
For the evaluation of the relevance of the forces discussed in this chapter, a 
comparison with the mechanical stability of the respective structures is necessary. 
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2.2 Beam Sway Models 
The mechanical stability of silicon nanostructures will be discussed using continuum 
mechanics with application to the forces discussed in section 2.1. First, the forces are 
calculated using Euler Bernoulli beam mechanics. Second, the stress introduced into 
the structures is studied by finite element analysis. Two types of structures will be 
considered: a future 20 nm STI structure and the ASAP structures (test structures, 
see section 3.1.1) that were used for the mechanical stability measurements. The 
respective dimensions can be found in Table 2. For the ASAP and STI structures, the 
Young’s modulus of <100> silicon [82] is used to demonstrate the effect of the 
geometry. The length of the line was chosen as 500 nm which is the lower limit for 
damages of point forces in air for the ASAP structures (section 4.1). 
Table 2 Dimensions and material properties of the continuum mechanics models 
 ASAP STI 
Young’s modulus  [GPa] 130 130 
width M% [nm] 40 20 
length 0% [nm] 500 500 
height 3% [nm] 150 400 
 
2.2.1 Analytical Model 
The STI and ASAP structures resemble small thin plates where Euler Bernoulli beam 
mechanics are applied. For the mechanical load two models are distinguished: 
distributed loading and one end load (Figure II.5). The latter resembles the case of 
AFM measurements whereas the former is appropriate for capillary and vdW forces. 
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The relationships between the forces and the deflections are given by equations [19] 
and [22]  
  O ( X 3%
W
o X  X /  [19]  
  O _ X 0% X 3%
p
q X  X /  [20]  
where / is the second moment of area depending on the cross-section of the beam 
(equation [21]) 
 / O 0% X M%WSP  [21]  
Combining the equations [19] and [20] with the moment of area [21] gives 
  O r X 3%
W
 X M%W X
(0% [22]  
  O o X 3%
p
P X  X M%W X _ [23]  
 
Figure II.6 Beam deflections of ASAP and STI structures (Table 1) calculated with Euler Bernoulli 
beam theory (equations [22] and [23]). 
Clearly the structures are more easily deformed the higher the aspect ratio and the 
farther the force is applied from the bottom. The condition for pattern collapse is 
usually a displacement of half of the line width, which corresponds to 10 nm for the 
STI and 20 nm for the ASAP structures. The forces were equal to 30 nN (100 nN) for 
STI and to tens of µN for ASAP structures. In order to decide which type of pattern 
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collapse can happen, i.e., rupture vs. bending for these structures, it is necessary to 
estimate the internal stress.  
2.2.2 Stress Analysis 
Finite element analysis is used for the internal stress determination of the structures 
described in the previous section. For the geometry, the one end model is used as it 
is the more severe case in terms of displacement. In order to convert the stress 
tensor to a scalar number, the von Mises stress [83] criterion is used. The general 
stress distribution shows a maximum at the bottom edges of the line where it is 
clamped to the substrate (Figure II.7). 
 
Figure II.7 STI structure simulated by finite element analysis using the one end load model 
(rotated by 90 degrees, i.e., clamped on the left, force on the right). The deformed shape is 
shown with the von Mises stress criterion (scale corresponds to 108 Pa) and the original shape 
in denoted in the background. 
 
Figure II.8 Maximum mechanical stress during displacement stuv of the beam with one end 
loading. 
Using the pattern collapse criterion, which corresponds to 20 nm for the ASAP and 
10 nm for the STI structure, different results in terms of internal stress are obtained 
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(Figure II.8). For the former, the internal stress exceeds the fracture strength for 
polysilicon, which is reported between 2 and approximately 4.5 GPa [84], [85], [86]. 
The latter corresponds to the lower fracture strength reported for single-crystal 
silicon. 
For the STI case the stress is small and, actually lower than the fracture strength 
usually attributed to interfaces (<1 GPa). A pattern collapse with fracture is expected 
for the ASAP structures due to the brittle nature of the material, and a bending case 
is expected for the STI structures. The reported fracture strengths are measured on 
micrometer-sized specimens, which may not be applicable to nanometer-sized 
structures. Additionally, interfaces may decrease the fracture strength considerably. 
Therefore, the ASAP structures were chosen to measure the fracture strength and 
the corresponding forces. 
2.2.3 Pattern Collapse Analysis 
By comparing the nanoscale forces (section 2.1) with the deformation strength of the 
structure, an indication can be given whether or not pattern collapse can happen. The 
capillary forces and the corresponding restoring forces for the ASAP and STI 
structures are summarized in Figure II.9.  
 
Figure II.9 Comparison of relevant forces during drying with the corresponding restoring forces 
(equation [23]) for the ASAP and STI structures.  
The restoring forces exceed the capillary forces at all separations for the ASAP 
structures, thus making pattern collapse during drying unlikely except for the case of 
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limited fracture strength, e.g., due to bad adhesion at the interface. For the STI 
structures, the capillary forces exceed the restoring forces at all times, hence 100 % 
pattern collapse (bending case) would be expected during drying. Analysis of such 
structures does not follow this expectation which shows only local bending pattern 
collapse events. van der Waals and hydrogen bonding are possible candidates for 
the sticking forces; however, these forces are homogenous and should give also 
either zero or 100 % collapse. On the other hand, solid bridging is a much more 
localized event and consequently is a prime candidate for explaining this behavior. 
However, no such bridging on STI structures has been reported up to now.  
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III Methods  
The chapter on methodology is divided into two parts. The first part describes the 
materials used for the experiments and the second focuses on the analytical 
techniques utilized for the characterization of the materials in the experiments.  
3.1 Materials 
Semiconductor line structures were used for the characterization of the mechanical 
stability of nanostructures with lateral force microscopy (LFM). The design of the line 
structures and the cantilevers are described in the following sections. For the 
verification of the solid bridging phenomenon, silicon nanoparticles were utilized. 
Finally, the physical properties of the relevant chemicals are summarized. 
3.1.1 Semiconductor Line Structures (ASAP 300)  
A set of wafers was obtained from IMEC (IMEC, Kapeldreef, Belgium; IMEC = 
Interuniversity Microelectronics Centre) for the evaluation of the stability of silicon 
nanostructures with AFM. The wafers carry polysilicon structures that resemble real 
device structures in terms of mechanical characteristics. The mask set for the 
structures is commonly called “ASAP 300”, where the number indicates the wafer 
size of 300 mm (12 inch). The lines on this maskset are organized in sets of ten lines 
with a length of 9500 µm (Figure III.1).  
Three layers are deposited onto the wafer prior to the photolithography step. First, a 
silicon oxy-nitride layer with a thickness of 2.4 nm is grown by co-nitridization [87]. 
Second, 100 nm of polysilicon are deposited by a chemical vapor deposition (CVD) 
process using silane gas at a temperature of about 700°C, which results in the 
deposition of coarse grained polysilicon. The average grain size is between 200 nm 
and 500 nm.  
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Figure III.1 SEM micrography of line structures defined with the ASAP 300 mask. The lines are 
organized into sets of ten lines with different spacing per set (here: 1 µm). 
Third, another CVD process is used to deposit a silicon oxide hard mask layer on top 
of the polysilicon. Finally, a photolithography step is performed consisting of the 
deposition of photoresist, exposure to light via a reticle, and subsequent development 
of the photoresist. The negative pattern of the resist is transformed into the material 
stack by means of plasma etching. Because IMEC was not able to resolve 40 nm 
structures with its photolithography equipment at the time of production of the 
structures, they used a trim etching technique. Hence, the structures originally 
developed and etched have a much larger line width (130 nm) than the targeted 
40 nm. Subsequently a trim etch process was used to reduce the structures to the 
designated line width. The final structure is shown in Figure III.2. 
 
Figure III.2 (a) Schematic cross-section through the line structures and (b) a TEM micrograph. 
The structure in (b) was covered with platinum for mechanical protection.  
TEM image courtesy of FELMI TU Graz. 
The trim etch technique also invokes some constraints on the minimum density of the 
structures. When the spacing between the structures is small, the trim etch process 
results in nominal 50 nm lines for the small spacing (170 nm) and 40 nm for the large 
spacing (1 µm) (Figure III.3 b). Moreover, there is a set of 110 nm wide lines on the 
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mask that turn into 25 nm lines after the trim etch (Figure III.3 a). The relative line 
width variation of the 25 nm lines is significantly higher (10 – 40 nm) than for the 
40 nm lines (35 – 50 nm) as measured by SEM. As a result, most tests were done 
with the 40 nm lines. The local line width variation over tens of microns is as large as 
the variation on the entire wafer as measured on multiple locations on the wafer. 
Therefore no pre-selection of the position for testing with the AFM was necessary.  
 
Figure III.3 High magnification SEM micrographs of (a) a nominal 20 nm line and (b) of a 40 nm 
line. 
3.1.2 AFM Tips and Experimental Setup 
A variety of probes were tested at the beginning for the measurement of the 
mechanical stability of nanostructures. For the ASAP 300 structures, stiff cantilevers 
in the normal and lateral direction were necessary, otherwise the cantilever is only 
deflected without damaging the structures. Regular LFM probes, most commonly 
silicon nitride probes, do not provide sufficient stability in the normal direction. Thus, 
silicon cantilevers with reflective coating originally designed for tapping mode were 
used for the AFM collapsing tests.  
 
Figure III.4 SEM micrographs of AFM tip (side view and bottom-up view). 
Chapter: III Methods 
39 
The drawback of the silicon tips is their vulnerability to wear when used on silicon 
samples. Regular dimension are 130 µm for the length (), 30 µm for the width 
(M), 4 µm for the thickness (G) of the cantilever, and 15 µm for the height of the 
tip (3+) (Figure III.4). 
For the tests, several commercial AFMs were used, including the D3100 and D5000 
(Digital Instruments, Veeco, Santa Barbara, Ca, USA) and the WITec alpha 300A 
(WITec GmbH, Ulm, Germany). All tests in liquid media were performed with the 
latter instrument, which requires the attachment of the cantilever to a magnetic holder 
ring (Figure III.5).  
 
Figure III.5 Setup of AFM in liquid media (left) and cantilevers fixed to the magnetic holder ring 
with adhesive (right). 
As the AFM part of the setup will be immersed into liquid (Figure III.5), the adhesive 
for the attachment needs to be compatible with the liquid in order to prohibit swelling 
of the bonding agent. Typically a nitrocellulose-based nail polish is used as an 
adhesive, except for the alcohols (section 3.1.4) where the former is not chemically 
stable enough. Thus, it was replaced by a special two-component silicon polymer 
(Reprorubber® Thin Pour from Flexbar Machine Corporation, Islandia, NY, USA). The 
drawback of this material is a limited adhesion on the magnetic holder ring which 
prevents its use in de-ionized water. Additionally, the microscope objective has to be 
compatible with the liquid, which excludes liquids like acetone. 
3.1.3 Silicon Nanoparticles and Preparation Methods  
Studying solid bridging (2.1.3) with real device structures is difficult because of the 
small overall area in contact with the neighboring structure. Nanoparticles were 
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large quantity of surface allows a large number of contact points between the 
particles and, therefore, sites for solid bridging. Additionally, the overall material 
volume involved in the solid bridging is large enough for the measurement with 
standard bulk methods such as X-ray powder diffraction. 
 
Figure III.6 TEM brighfield image of the silicon nanoparticles. The length scale marked on the 
lower left corner equals 50 nm. TEM image courtesy of Technical Faculty CAU Kiel. 
For a comparable length scale to STI structures, 50 nm silicon particles were chosen 
and purchased as a powder from Nanoamor (Nanostructured & Amorphous 
Materials, Inc., Houston, TX, USA). The manufacturer claims a purity of 99.5 %, with 
copper as the major impurity. A pure silicon surface is not stable in an ambient 
atmosphere due to the oxygen and water vapor causing surface oxidation [88]. The 
particles were stored in a desiccator in order to reduce this oxidation. 
For the solid bridging tests, the particles were dispersed in de-ionized water with the 
help of ultrasonics (Allpax, Type Palssonic) for ten minutes in order to mimic a 
cleaning process and to have a reproducible starting point. The concentration was 
adjusted to be close to the dispersion limit of 0.3 gL-1 in order to ensure sufficient 
testing material. The experiments were carried out with 420 mL liquid in standard 
500 mL polyethylene flasks.  
3.1.4 Chemicals  
The most important properties of the chemicals used for the experiments are listed in 
this section (Table 3) to provide a comprehensive overview to the reader. The 
properties include density, surface tension, viscosity (dynamic and kinematic), speed 
of sound, and the electrical permittivity.  
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Table 3 Physical properties of the liquid chemicals used for the AFM experiments from [89] at 
standard conditions (T = 298 K, p = 1013 hPa) unless otherwise noted. 
























Cm kg/m s mN/m m
2/s m/s 




15.7 10-6 33113 
alcohols 
methanol 0.791 32.7 5.67 0.55 22.6 0.70 1103 
ethanol 0.789 24.6 5.77 1.06 22.8 1.34 1207 
isopropanol 0.785 19.9 5.54 2.27 22.83 2.89 1272 
butanol 0.810 17.5 5.84 4.21 25.2 5.20 123912 
water 
based 
water 1 80.41,2 6.07 0.893 72.83 0.89 14978 
S3010 1.121 76.71,2 n. a.9 2.97 74.26 2.59 15918 
S4011 1.196 73.11,2 n. a. 6.07 74.96 5.02 
 
surfactant 
CTAB4 1 n. a. n. a. 0.89 354 n. a. n. a. 
CAPB5 1 n. a. n. a. 0.89 ~355 n. a. n. a. 
isopropan
ol/water 
4 % 0.99 77.51,2 n. a. 1.33 503 n. a. n. a. 
7.5 % 0.98 74.91,2 n. a. 1.53 423 n. a. n. a. 
 
1
 T = 293 K;  
2
 [90];  
3
 [91];  
4
 Cetyltrimethylammoniumbromid (CTAB) concentration: c = 1 mmol [92];  
5
 Cocamidopropyl betaine (CAPB) c = 2.5 %vol [93];  
6
 [94];  
7
 [95];  
8
 [96];  
9n. a. = not applicable;  
10
 S30 = mixture of sucrose with de-ionized water at c = 30 %w;  
11 S40 = mixture of sucrose with de-ionized water at c = 40 %w;  
12
 T = 298 K [97];  
13
 T = 273 K 
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3.2 Analytical Techniques 
The analytical techniques used for the characterization of the materials are reviewed 
in the following paragraphs. Emphasis is put on the non-standard techniques, 
whereas the standard ones are only briefly mentioned. 
The mechanical stability of nanostructures is analyzed with the lateral force 
microscopy (LFM) technique which is based on the atomic force microscope (AFM). 
A calibration of the LFM is necessary in order to convert the voltage outputs of the 
AFM into force values, which is described more closely in section 3.2.1. The test sites 
on the sample and the respective damage are investigated by electron microscopy, 
both scanning (SEM) and transmission (TEM). The former is seen as a standard 
method; the latter is described in more detail in combination with the focused ion 
beam (FIB) preparation procedure and the elemental analysis techniques such as 
electron energy loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy 
(EDX).  
The characterization of the solid bridging phenomena with the silicon nanoparticles 
(section 3.1.3) is mainly based on the measurement of the size of the particles and 
the silicon oxide formation. The average size was estimated from X-ray powder 
diffraction (XRD) patterns in combination with Rietveld refinement and the 
microstructure module of the Fullprof software [98]. The average size was confirmed 
by TEM analysis on specific areas. Additionally, the TEM was used to visualize the 
location of the oxide on the particles with shape analysis and the energy filtered TEM 
(EFTEM) technique. The overall silicon oxide formation was studied on the surface 
with X-ray photoelectron spectroscopy (XPS). The qualitative analysis of the silicon 
oxide was performed with 29Si nuclear magnetic resonance (NMR). The dispersion 
liquid (de-ionized water) was inspected for silicates with electro spray ionization mass 
spectrometry (ESI-MS).  
3.2.1 Lateral Force Microscopy 
The lateral force microscopy evaluates the friction (torsion, or left – right) signal in 
contact mode AFM. It allows the application and measurement of mechanical forces 
parallel to the surface. This was utilized for the measurement of the mechanical 
stability of nanostructures. In the following, the most common calibration procedures 
are reviewed with respect to rectangular cantilevers (Figure III.7) and reasonable 
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experimental effort. The latter is important because of the large numbers of 
cantilevers (overall >200) necessary for the tests. Emphasis is given to the relative 
accuracy between cantilevers, rather than the absolute values. Finally, the chosen 
direct force balance calibration [99] is explored with experimental data. For a wider 
and more general overview, the reader is referred to the reviews of Palacio and 
Bhushan [100] and Munz [101]. 
The AFM has to be calibrated for the conversion of the voltage output from the 
segmented photodiode into the respective force values. The calibration factor 
consists of two terms: first, the spring constant of the cantilever and second, the 
conversion constant from the optical system into the voltage of the photodiode. Both 
values can vary significantly from cantilever to cantilever due to manufacturing 
tolerances. Therefore, each single cantilever has to be calibrated.  
A large number of methods for the calibration of the LFM are proposed in literature. 
These can be roughly divided into three categories: separate estimation of torsional 
spring constant and optical conversion constant, testing against a calibrated 
reference spring, and force balance between normal and lateral forces measured on 
differently sloped surfaces.  
 
Figure III.7 Scheme of a rectangular cantilever with a sharp tip. 
3.2.1.1 Normal Calibration 
In the normal direction, the calibration is straight forward when using the generally 
accepted Sader method [102], especially for stiff cantilevers (several N/m). The 
measurements required for the Sader method are limited to the resonance curve and 
the plane view dimensions of the cantilever. For flexible cantilevers, the Hutter 
method [103] is more applicable, which depends on the agitation through thermal 
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noise. The normal spring constant 45 as determined by the Sader method is 
(equation [24]) 
 45 O wxSywVz%{: >L:|}L~ [24]  
where z% is the density of the surrounding fluid (air); { and  are the width and 
length of the cantilever, respectively; > is the quality factor; L is the resonant 
frequency of the fundamental resonance peak; and  is the imaginary part of the 
hydrodynamic function introduced by equation [20] in reference [102]. The optical 
conversion constant in the normal direction can be derived by a force distance curve 
via the slope in the contact regime. 
3.2.1.2 Separate Estimation of Spring Constant and Optical Conversion Factor 
The lateral spring constant of a homogenous rectangular cantilever can be calculated 
from its geometry and shear modulus of the cantilever with beam theory as given in 
equation [25] [101] 
 4 O . X { X G
W
o X " X 3+:  [25]  
where . is the shear modulus, G is the thickness of the cantilever, and 3+ is the 
height of the AFM tip. The measurement of the plane view dimensions ({ and 
) can be done easily with a SEM. The thickness of the cantilever (G) is in the 
range of a few microns and needs to be determined with high precision within a few 
nanometers. This accuracy can only be achieved by field emission SEM or indirectly 
through the use of beam mechanics in combination with the measurement of the 
normal resonance frequency [104]. However, this still requires the use of the shear 
modulus, which may not be known exactly for the cantilevers to be calibrated. 
Alternatively, the measurement of the torsional resonance frequency in combination 
with the plane view dimensions allows the calibration of the lateral spring constant 
without using the shear modulus [105]. This frequency is in the 1.5 MHz range for the 
cantilevers used (section 3.1.2) and could not be measured with the standard AFM 
equipment.  
Additionally, the optical conversion factor has to be determined from the geometry of 
the optical path [106], lateral force vs. distance curves [107], or scanning across a 
vertical step [108]. The optical geometry is not an option because the optical path 
from the AFM systems used is not known in full detail. The lateral force distance 
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curves require a colloidal probe instead of the sharp tip as used for the experiments. 
Scanning across a vertical surface involves the very end of the tip moving across the 
edge of the structure. This exposes the most fragile part of the tip to the mechanical 
forces, which imposes a high risk of damaging the tip.  
An independent determination of the lateral force calibration factor is not feasible due 
to the uncertainties involved in the calculation of the flexural spring constant and the 
experimental difficulties of establishing the optical conversion factor.  
3.2.1.3 Reference Spring 
The concept of a calibrated reference spring shifts the calibration issue from the 
cantilever to a special device which can be more easily calibrated. The calibration of 
the cantilever itself is done by measuring the lateral forces that the AFM tip exerts on 
the calibration device during the scan. Several designs have been put forward and 
can be distinguished by the physical principle for the calibration of the reference: 
mechanical, electrical [109], and magnetic [110]. The mechanical method only shifts 
the calibration issue to another cantilever, which is desirable for complex cantilever 
geometries, like v-shaped ones. The advantage of electrical and magnetic systems is 
the introduction of independent physical properties that can be measured directly. For 
example, the microbalance of Cumpson et al. [109] based on a suspended MEMS 
structure with electrostatic comb drives, is a device that could be mass produced with 
reasonable cost and could profit from the considerable knowledge of MEMS design. 
However, these devices are non-trivial to design and not sold commercially today but 
if commercialized in the future, may offer a reliable and accurate way to characterize 
the lateral forces of the AFM. 
3.2.1.4 Force Balance 
A force balance between normal and lateral forces can be obtained by measuring the 
forces on sloped surfaces in addition to the flat surface of a substrate. The 
relationship between the forces is defined by the angle enclosed by the surfaces. The 
“wedge” method [111] introduced this concept in 1996, with an addition for colloidal 
probes published in 2003 [112]. The advantage is the low experimental effort in terms 
of required equipment. A calibration grid with defined surfaces is the only necessary 
additional equipment, which can be (100) silicon with (111) surfaces etched by 
potassium hydroxide (Figure III.8).  
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The calibration data is acquired by scanning across the respective surfaces and 
evaluating the friction response. The scanning process induces significant wear 
especially for the silicon-on-silicon contact of the tip and the calibration grating. In 
addition, it is necessary to have a significant number of scans in order to get reliable 
data. A test was performed with five scans on each surface, with the result of an 
imaginary friction coefficient. Thus, more data and therefore more scans would be 
necessary with the disadvantage of increased tip wear. The latter could not be 
afforded, and so the method was disregarded.  
 
Figure III.8 AFM measurement of the pyramidal calibration structure consisting of (111) surfaces 
in (100) silicon. The picture is inverted for better visibility (the pyramid is actually etched into the 
silicon). Blue scale bar corresponds to 5 µm. 
3.2.1.5 Direct Force Balance 
A similar method is the direct force balance [99], which requires force distance curves 
on the respective surfaces, with recording of the lateral signal instead of scanning 
over them (Figure III.9). The slopes of the force distance curves  in the contact 
regime are evaluated in combination with the normal spring constant and the angles 
of the surfaces 
RQrxo w Qrxo for (100) silicon with (111) etched surfaces. 
The overall angle of the surface of the sample is considered negligible due to the 
high quality of silicon wafers. In addition to the lateral force constant D%E, equation 
[26] also accounts for the detector misalignment  and the angle to the centerline of 
the force introduced by the off-center tip position on the cantilever   
 
Yb [ bZD%E O 45hijY
Z jklY
 R Z [26]  
Five force distance curves on each surface were sufficient to create reliable data for 
the calibration procedure. The evaluation of the slopes was automated with a least 
squares fit on the approach curves in the contact regime (Figure III.9). These values 
were inserted into the equation system from the calibration reference, which was 
solved numerically [99].  
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Figure III.9 Lateral signal (approach part only) of the force distance curves on three different 
surfaces. The linear curve of the contact part is denoted with solid lines. 
For the evaluation purpose of the calibration procedure, it is also indicative to 
compare the average collapse forces (measured in one medium with different 
cantilevers). In the case of sugar solutions (S30 and S40), the deviation of the single 
cantilever values from the average collapse force is about 5 % (Table 4). The 
mechanical stability of the line structures also has some variations, which are 
included in the previous comparison. Thus, it is reasonable to assume a relative 
calibration uncertainty of 5 %. 
Table 4 Average collapse forces as tested with three different cantilevers 
Cantilever A B C Combined 
Collapse force (average) [µN] 4.5 4.0 4.3 4.3 
 
More recently, an update for the evaluation procedure was published [113] that adds 
a sliding motion to the vector analysis of the forces during the force distance curves. 
This changes the equation for the lateral calibration factor [26] to two equations ([27] 
and [28]) (one for the approach and one for the retract curve) for the updated lateral 
calibration factor D%EF  
 }b [ b~D%EF O 45l 
 [ l  R 456hijY
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 hij 
 [27]  
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where  and  are the slopes of the lateral force distance curves on the 
approach and retract curves respectively, and 6 is the friction coefficient. In the case 
of negligible friction (6  w) and an ideal placement of the tip (  w), the equations 
[27] and [28] simplify to equation [29] 
 
Yb [ bZD%E O 45 l 
 [29]  
Comparing equation [29] with the original equation [26] for the same parameters 






Z [30]  
This reduces to a factor of 3 for an angle of 54.73 degrees. The comparison of 
experimental calibration values (including friction) gives factors between 2.8 and 3.2, 
which are in reasonable range with the theory.  
The sliding motion introduces the issues of the correct friction model and friction 
coefficients. Additionally, the analysis does not consider adhesion forces, which the 
tip needs to overcome before sliding. The absence of stick-slip friction behavior 
indicates that the original method is valid for the calibration presented in this work.  
Another factor that could influence the calibration is tip wear. The main influence is 
the reduction of the moment arm, i.e. the height of the AFM tip (3+) by repetitive 
shearing of the end of tip. Typically, the calibration data is acquired prior to any 
collapse experiment, but when adding a post-calibration, only a small difference of 
5 % compared to the pre calibration is seen. The post- vs. pre- calibration difference 
is in the range of the initial calibration uncertainty. Thus, the influence of tip wear on 
the calibration is minimal. Taking the initial measurement uncertainty into account, a 
relative error of less than 10 % can be assumed due to the fact that no other major 
influences are expected and have also not been observed. 
The direct force balance calibration method is the method of choice because it is an 
experimentally reliable method in combination with economical experimental effort. 
3.2.2 Transmission Electron Microscopy 
For images with nanoscale resolution, the transmission electron microscope (TEM) is 
the tool of choice. Higher resolution is offered by the scanning TEM (HRTEM) which 
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uses a very sharp tip as an electron source that is scanned over the sample. Both 
techniques were used for the visualization of the damage on the tested line 
structures. Additionally, the size of the silicon nanoparticles and the location of the 
silicon oxide were analyzed by TEM. 
High energy electrons are transmitted through the sample and are used for the 
analysis. In order to achieve sufficient signal strength in combination with reasonable 
acceleration voltages, the thickness of the sample is usually limited to a few 100 nm. 
As semiconductor samples exceed this thickness a special preparation technique 
was necessary. The focused ion beam (FIB) lift-out technique was used for the site-
specific sample preparation, which is described as follows. First, a protective layer is 
deposited on top of the sample (e.g., carbon, platinum). Next, a trench is milled 
around the whole site of interest except for two small pieces that secure the 
membrane-shaped TEM sample to the substrate. After attaching a probe to the 
sample, the two connections to the substrate are cut with the FIB, and the sample is 
transferred to a TEM grid for analysis [114]. The previously described technique was 
used to study the damage produced by the LFM on the line structures. Specifically, it 
was used in combination with analysis of the materials in order to identify where the 
damage occurred inside the stack of materials of the line structure.  
For a material-specific analysis, it is necessary to measure the energy loss of the 
transmitted electrons or to analyze the X-rays generated in the sample. When 
passing through the sample, some of the electrons interact with the electrons of the 
material (e.g., K shell) resulting in the ionization of the respective atoms. The energy 
loss of the high-energy electrons correspond to the ionization energies of the material 
atoms and can be used to identify the atoms and over a larger area via electron 
energy loss spectroscopy (EELS). An energy filter can be used to detect only those 
electrons with an energy loss of a specific element, which allows the generation of 
elemental maps as in energy filtered TEM (EFTEM). The ionized atoms are in an 
unstable state, and electrons from outer shells can jump relax into inner shells. 
During this process, the energy difference has to be emitted, which can be in the 
form of an X-ray quantum. An energy dispersive solid state detector is used to 
measure the number and the energy of the X-rays and also allows the identification 
of the material. For the visualization of the silicon dioxide on the silicon nanoparticles, 
the EFTEM and EDX techniques were used.  
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3.2.3 X-ray Photoelectron Spectroscopy (XPS) 
An X-ray beam is used to illuminate the sample in order to generate photoelectrons 
from core levels or the outer orbitals. Only the irradiated surface layer with depth 
information of about 10 nm contributes to the measured signals. Photoelectrons are 
also generated in the bulk material, but these do not reach the surface without 
incoherent energy loss. Hence, these electrons do not carry the element-specific 
information and are not used in XPS. Analyzing the kinetic energy of the emitted 
electrons allows the identification of the material and the evaluation of the chemical 
state of the surface atoms.  
The resolution of the XPS is sufficient to discern between the oxidation states of 
silicon by using the Si 2p signal. For the measurements performed during this PhD 
work an X-ray source with 1487 eV (Al Kα) was used. A more detailed analysis allows 
the estimation of the thickness of a silicon oxide film on top of a silicon material by a 
quantitative assessment of the respective peaks [115]. Also non-stoichiometric 
oxides can be distinguished from the silicon dioxide [115]. This technique was used 
to estimate the thickness of the oxide shell of the particles, as well as the 
identification of the oxide species. 
3.2.4 Nuclear Magnetic Resonance Spectroscopy  
The composition of the silicon and the silicon oxide in the nanoparticles was analyzed 
by the magic angle spinning NMR technique (MAS NMR). Lippmaa et al. 
demonstrated this possibility by measuring the chemical shift between the oxidized 
states of silicon with NMR [116]. The existence of sub-oxides was also studied with 
this technique. More specifically, a solid-state magic angle spinning method on the 
29Si core was employed. 5 % of silicon consists of the 29Si isotope that is suitable for 
NMR experiments. Magic angle spinning is necessary in order to get sharper peaks 
than without spinning. NMR in liquid media was disregarded due to the expected 
dissolution and hydrolysis effects of the silicon oxide. For an explanation of MAS 
NMR, the reader is referred to the literature, e.g., reference [117].  
3.2.5 Electro Spray Ionization – Mass Spectrometry 
The dispersion of silicon nanoparticles was measured with electro spray ionization 
mass spectrometry (ESI-MS) in order to investigate whether silicates are present in 
the dispersion and to identify the dissolved species. 
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Mass spectrometry in combination with the electro spray ionization technique allows 
the measurement of non fragmented molecules, in contrast to the more established 
atomization ion sources like inductive coupled plasma. The material is dispersed in a 
liquid medium which is moved through a capillary into an electro spray where 
charged droplets are formed. In the spray, the droplets lose solvent and emit the 
charged molecules into the gas phase. There are two models for the emission 
process: the ion evaporation model, where charged jets extract the solute and the 
charged residue model, where all solvent evaporates and the charged residues 
remain and are then measured by the mass spectrometer.  
For the formation of solid bridging, it has been speculated that residue in the form of 
silicates helps in the formation of bridging silicon oxide. Silicates in water can be 
measured by the ESI-MS, as shown by Pelster et al. [118], [119] and Schaack et al. 
[120].  
3.2.6 Analytical Equipment 
Table 5 List of the main analytical tools used for this thesis.  
Technique Model Manufacturer / Lab 
AFM D5000 Veeco, Digital Instruments, Santa 
Barbara, CA, USA D3100 
alpha 300A  WITec, Ulm, Germany 
SEM S4700, S4800, S5200 Hitachi High-Tech, Tokyo, Japan 
Expida 1265 FEI, Hillsboro, OR, USA 
TEM Tecnai F30 G2 ST FEI, Hillsboro, OR, USA; CAU Kiel 
3rd party TEM labs contracted 
to measure the ASAP line 
structures 
FELMI, Graz, Austria 
Nanolabs, San Jose, CA, USA 
EAG, Sunnyvale, CA, USA 
XRD X’Pert Panalytical, Almelo, The Netherlands 
ESI-MS Applied Biosystems 
(Applera), Mariner ESI-TOF 
Life Technologies Corp., Carlsbad, CA, 
USA 
NMR 3rd party University Bayreuth, Group: Prof. 
Senker 
 
Chapter: IV Results and Discussion 
52 
IV Results and Discussion 
Our research on the pattern collapse phenomenon of device structures can be 
divided into two fields: 1) the mechanical stability of nanostructures and its 
dependence on the surrounding media and 2) the phenomenon of solid bridging. In 
the following, a short summary of the most interesting results is given. 
When the forces responsible for the pattern collapse phenomenon exceed the 
mechanical stability of the nanostructures, the respective structures will rupture. In 
order to analyze the breaking behavior, it was essential to measure this critical force. 
In the present work, an AFM was used in contact mode on 40 nm ASAP structures 
(section 3.1.1) to determine the breaking force of nanostructured polysilicon, a 
standard material in the semiconductor industry (section 4.1).  
The AFM measurements were extended to 20 nm and 50 nm wide lines for the 
evaluation of the influence of the line width. In combination with finite element 
analysis, the experimentally obtained forces were used to calculate the internal stress 
at rupture and subsequently compared to the reported fracture strength (section 4.2). 
As pattern collapse occurs when the structures are still wetted with the media, the 
influence of standard drying liquids (isopropanol and de-ionized water) on the fracture 
strength was studied (section 4.3). An increase in fracture strength was observed in 
alcohol. The importance of the solid-liquid interface vs. the bulk liquid was estimated 
in section 4.4. The solid-liquid interface was further evaluated by extending the range 
of tested chemicals to other alcohols, surfactants, and a self-assembled monolayer 
(section 4.5). 
The solid bridging concept has been proposed, which bonds the free ends of the 
structures together after the removal of the liquid, for the elastic case of pattern 
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collapse (i.e., no rupture) (section 2.1.3). Silicon nanoparticles (section 3.1.3) were 
used to study solid bridging by exposing them to de-ionized water used by Si-based 
device manufactures (section 4.6). 
4.1 Pattern Collapse by AFM 
The mechanical stability of nanostructures was measured by atomic force 
microscopy. The AFM tip was scanned across the surface of the specimen. Instead 
of following the surface with the AFM tip, as in normal imaging, the AFM was used 
with low feedback settings in order to generate lateral forces on the structures in the 
path of the AFM tip. The contact point of the forces was always at the top section of 
the structure because of the higher aspect ratio of the structure compared to the AFM 
tip. The lateral forces were measured by the left–right (friction) signal of the 
segmented photo diode of the AFM. The direct force calibration procedure was used 
for the conversion of the voltage into forces. 
The 40 nm ASAP structures (section 3.1.1) were tested and their collapse forces 
were in the range between 2-5 µN. Euler beam mechanics using the reported 
fracture strength of polysilicon in combination with the measured line width variations 
(36–50 nm) yield similar values for the experimentally determined forces. Thus, when 
the structure is damaged, a fracture of the polysilicon is likely and not an interface 
failure, as expected initially. 
Post-damage SEM investigations gave clear indications that the rupture occurred in 
the polysilicon structure. In the SEM pictures, a socket of several nanometers could 
be seen at the damaged sites. The rupture itself has a characteristic round shape 
indicating a conchoidal (clam-shell like) fracture. Thus, the fracture depended more 
on the stress distribution and less on material defects.  
The size of the damage was between 500 nm and 1000 nm, increasing with the tip 
wear. There was always one round piece with a length of 500 nm, and if the damage 
was larger, additional sickle-shaped pieces were generated. The radius of the 
damaged sites was around 180 nm. Bended lines as reported by T. Kim et al. have 
not been observed. The closest resemblance to this was found for pieces that 
remained close to the original line structure. Nevertheless, high resolution SEM 
shows a clear fracture between the separated piece and the original line. 
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Figure IV.1 TEM bright field image of a damage induced by AFM into the line structure. The 
viewing plane is orientated to the side of the line structure.
The damage generated by the AFM tip
for all tested line widths (25
the remaining socket at the bottom 
described in section 4.1.  
Figure IV.2 TEM EELS scan at the bottom of the damage. Significant material remains above the 
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An EELS line scan over this material with Si, O, and N signals showed that the silicon 
oxy-nitride layer remained intact and some oxidized polysilicon material was left on 
the top of that layer (Figure IV.2). Additionally, the TEM images established that the 
grain boundaries of the polysilicon did not influence the fracture line. 
The three dimensional finite element models resembling the line structure under load 
were evaluated using the von Mises stress criterion. The stress distribution along the 
line is limited to approximately 200 nm in both directions of the area of force 
application. Hence, the average damage size may be attributed to the stress 
distribution. The maximum stress is found at the bottom of the structure at the 
interface with the substrate. 
Using TEM analysis of the cross-section of the line structure, a corner rounding of 
10 nm is found at the bottom of the structure (Figure III.2 b). Introducing the corner 
rounding to the finite element model shifts the maximum stress away from the bottom 
toward the top of the structure. Thus, the maximum stress did not occur at the 
material interfaces, which can explain the fracture inside the polysilicon. 
The experimental data were compared to the theoretical model by calculating the 
mechanical force necessary for the reported fracture strength. A reasonable 
agreement was found for fracture strength of 3 GPa, which can be attributed to the 
reported fracture strength of polysilicon. 
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4.3 Influence of the Chemicals Used for Semiconductor 
Drying on the Mechanical Stability of Nanostructures 
A similar procedure for the measurement of the mechanical stability of the 
nanostructures was employed as in the previous publications (sections 4.1 and 4.2). 
The 40 nm ASAP structures (section 3.1.1) were used as specimens for testing. The 
significant difference to the previous experiments was the immersion of the sample in 
liquids. Therefore, the influence of the chemicals on the collapse force of the 
polysilicon structures could be tested and compared to the previous results obtained 
in air.  
When the sample was immersed in de-ionized water and propylene carbonate, only a 
negligible increase in the collapse force was observed. For the case of isopropanol, a 
significant increase by 50% of the mechanical stability was measured.  
An explanation was found for the breaking of multiple pieces during the collapse 
procedure. The shape of the initial damage was always round. If the AFM tip at the 
contact point is smaller than the damage, it can pass through the previously 
generated hole in the line. However, if the tip is larger than the initial damage, e.g., 
due to tip wear, additional pieces will be ruptured from the line until the hole in the 
line is large enough to allow the passage of the tip.  
The size of the initial damage was significantly influenced by the viscosity of the 
media, which was independent of the fracture forces. This could be shown by testing 
sucrose/water solutions and comparing the results with those obtained with de-
ionized water. Both media have similar fracture forces around 4 µN, but the initial 
damage size is 700 nm for the former and 780 nm for the latter. A maximum of the 
initial damage size is observed for de-ionized water with a viscosity of 0.9 mPas, and 
smaller rupture sizes were found for both lower and higher viscosities.  
Finally, the influence of the speed of the AFM tip during the collapse procedure is 
tested with the three settings of 0.2, 2, 20 µm/s. However, interestingly no influence 
on the fracture force could be observed.  
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4.4 Influence of the Bulk Liquid Media vs. the Solid-Liquid 
Interface 
The experimental technique of the AFM used in liquid media is the same as in 
section 4.3. Based upon our previous results on the polysilicon structures, further 
liquids and mixtures were tested.  
The increase of the mechanical stability of polysilicon nanostructures in isopropanol 
compared to de-ionized water was confirmed by measurements in isopropanol/de-
ionized water mixtures. By adding 2.5 %v/v isopropanol into the de-ionized water the 
same results as in 100 % isopropanol could be obtained. As isopropanol is 
accumulated on the solid-liquid interface of the silicon oxide, only the interface and 
not the bulk liquid influenced the fracture strength. Tests in propylene carbonate 
supported this assumption. First tests showed a similar collapse force as in de-
ionized water due to condensation and subsequent accumulation of water molecules 
at the solid-liquid interface. Dipping the sample into isopropanol prior to the test in 
propylene carbonate gave the same values as for 100 % isopropanol. Thus, for the 
fracture strength, only the solid-liquid interface seems to be important.  
The damage was mainly influenced by the viscosity of the media where the maximum 
damage was observed in de-ionized water. The decrease of the damage size at 
lower viscosities was confirmed by measurements in methanol (1& = 0.6 mPas) 
leading to sizes of 680 nm for the damages. High viscosities were achieved by using 
a 40 %w sucrose/de-ionized water solution with 1& = 6.0 mPas, resulting in sizes of 
580 nm. Similar collapse values for the de-ionized water and the sucrose/water 
solutions indicated that the damage size is independent from the collapse force.  
A two-step rupture model is proposed, where the initial step determines the fracture 
strength and the second step determines the damage formation. For the fracture 
strength, only the solid-liquid interface is important, where a surface stress corrosion 
process probably supports the crack initiation. The subsequent damage is then 
determined by the viscosity of the liquid. 
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4.5 Influence of Alcohols and the Solid-Liquid Interface 
Based on the previous observation (section 4.3 and 4.4) that isopropanol has a 
significant beneficial influence on the fracture strength of polysilicon, further 
experiments were carried out in order to study this effect in more detail. The 
experimental conditions are identical with those presented in section 4.3.  
The previously reported increase of the fracture strength by approximately 50 % in 
isopropanol compared to de-ionized water was confirmed by measurements in 
ethanol and 1-butanol. Taking into account the differences of the dielectric properties 
of the alcohols, indicated that there is no interface adhesion failure.  
A significant difference between the alcohols and de-ionized water is the surface 
tension of 72 mN/m and around 20 mN/m, respectively. According to Griffith criterion 
for fracture [121], the interfacial energy term between the liquid and the solid can 
influence the fracture strength. Two surfactants (cationic and zwitter ionic) were used 
close to their respective critical micelle concentration (CMC) for the verification of this 
assumption. Both have a similar surface tension of around 35 mN/m. The zwitter 
ionic surfactant is cocoamidopropyl betaine ((CAPB), IUPAC: {[3-(dodeca-
noylamino)propyl] (dimethyl)ammonio}acetate) and the cationic surfactant is 
cetyltrimethyl ammoniumbromide (CTAB). The former enhanced the collapse force 
by only 10 % whereas with the latter caused an increase of more than 100 %. These 
results highly suggest that the surface tension of the liquid is not the only factor 
influencing the fracture force.  
Both surfactants are accumulated at the surface of the solid. However, because the 
silicon oxide surface is negatively charged when immersed in de-ionized water, the 
CTAB molecules may form layers on the oxide surface. On the other hand, the 
negative charge of the CAPB molecules cause a repulsive force between the single 
molecules, and no dense layers can be formed on the silicon oxide surface. Hence, 
only the CTAB molecules protect the silicon oxide from the water molecules. The 
same effect is achieved by the deposition of a self assembled monolayer (SAM) 
which also increases the fracture strength to levels of the CTAB molecules.  
Finally, a stress corrosion process which lowers the fracture strength of silicon is 
discussed. A qualitative explanation of the experimental results is given by assuming 
that such a process occurs only on the surface for the crack initiation. 
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4.6 Solid Bridging Studied with Silicon Nanoparticles 
With the increasing aspect ratios of device structures, the likelihood of pattern 
collapse with bending of the structures increases. In that case, a “sticking” force is 
required after the complete removal of the liquid in order to compensate the elastic 
restoring momentum. In addition to van der Waals forces and hydrogen bonding 
interactions, solid bridging has been discussed for MEMS structures. In structures 
showing the solid bridging phenomenon, silicates are thought to be accumulated and 
deposited between the structures. Silicon nanoparticles with a nominal size of 50 nm 
were chosen to study this phenomenon in detail because of their comparable length 
scale to STI structures and their high surface-to-volume ratio.  
Stable dispersions of the nanoparticles with de-ionized water were generated. 
Subsequently, the liquid was removed from the particles by freeze drying and 
evaporation drying. Analysis of the dispersion showed the presence of silicates and 
large particle agglomerations (with sizes up to 500 nm). 
Analyses of the dried powders confirmed that the particles consisted of a core-shell 
system, where the core is composed of crystalline silicon and the shell of silicon 
dioxide. The average thickness of the shell was not influenced by the exposure time 
to de-ionized water. Thus, no significant oxide growth could be observed except for 
particles exposed to air for several months. The average size of the particles was 
determined by XRD and confirmed by TEM measurements. The XRD data indicated 
a size of about 60 nm, which slightly increased to 65 (64) nm after evaporation 
(freeze) drying. The growth of the particles may be explained by dissolution of the 
smaller particles forming silicates and the subsequent deposition of the material 
between the larger particles. These solid bridges were visualized using HRTEM. In 
the micrographs of the original particle, only some small bridges could be observed. 
An increase in bridging was found for the particles obtained after freeze drying and 
the most pronounced solid bridging phenomenon was seen for the particles that were 
subject to the evaporation drying process.  
These results clearly indicate the drying process of semiconductor nanostructures is 
an important issue, and solid bridging has to be taken into account. In further studies 
methods should be explored to prevent the formation of silicates or their re-deposition 
between the structures in order to decrease pattern collapse phenomena.  
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V Conclusions and Outlook 
During the production of semiconductor device structures, there is the damage 
phenomenon of pattern collapse. The tops of the structures (free ends) are 
connected together via bending or rupture. This is the distinctive damage shape 
associated with pattern collapse. The most important cause for this damage is 
attributed to surface tension forces. During wetting or de-wetting, when the structures 
are only partially immersed in the liquid, capillary pressure is assumed to pull the 
structures together. In the semiconductor industry, the question has been raised 
whether this model, originally developed for micron-sized structures, is still valid and 
sufficient to describe the phenomenon for structures on the nanometer scale. In 
addition to surface tension forces other forces like spin forces occurring during the 
drying processes have been suggested.  
The large unknown property for the evaluation of the forces acting on the 
nanostructures was their mechanical stability. The atomic force microscope was used 
to apply lateral forces onto the nanoscale line structures until fracture of the lines 
occurred, in order to measure their mechanical stability. The forces were recorded by 
the combination of the lateral signal of the segmented photo diode and a calibration 
procedure using the direct force balance method. The tested lines were made of 
polysilicon with a silicon oxide hard-mask on top.  
Collapse forces in the low µN range have been measured for these structures. The 
average forces were 2 µN, 4 µN, and 5.5 µN for the 25 nm, 40 nm, and 50 nm 
structures, respectively. Finite element models of the structures confirmed the 
relationship between the line width and the collapse forces. A breaking strength of 
approximately 3 GPa yielded the best agreement between experiment and theory. 
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This strength is typical for polysilicon, which is between the yield stress of an 
interface and a failure in single-crystal silicon.  
The mechanical stability of nanostructures is significant, and forces that take the 
mass of the body of the structure into account, like spin forces, can therefore be 
neglected. The hypothesis of significant residual stress reducing the mechanical 
stability is not applicable in this case. The protection of the material interfaces is 
feasible by including corner rounding at the bottom of the structure, which effectively 
increases the mechanical stability of the respective structure. In general, the cross-
section of the structure should be properly designed in order to decrease the pattern 
collapse phenomena.  
Because pattern collapse occurs while the structures are still partially immersed in 
the liquid, the influence of the liquid onto the mechanical stability of the 
nanostructures must be taken into account. De-ionized water only had a negligible 
influence on the collapse force, whereas isopropanol increased the value by about 
50 %. Other alcohols, such as ethanol and 1-butanol, were also tested and yielded 
similar results. When a small amount of isopropanol was added to de-ionized water, 
the same effect as with the other alcohols was obtained, i.e., the collapse force 
increased. Because the mixture of isopropanol/water can be regarded as a type of 
surfactant, the isopropanol molecules cover mainly the silicon oxide surface and, 
thus, only the solid-liquid interface is influencing the mechanical stability. The 
comparable results of tests in de-ionized water and in air indicate the same behavior 
due to water covering the oxide surface in an ambient atmosphere. The solid-liquid 
interface was additionally chemically altered with a cationic surfactant and a self-
assembled monolayer (SAM), both of which shields the silicon oxide, thus 
suppressing full coverage of the surface with water molecules. With the cationic 
surfactant respectively the SAM on the surface cases the collapse forces increased 
by roughly 100 %. All results are in qualitative agreement with a surface stress 
corrosion process discussed in the literature. When taking into account the time scale 
of the rupture, only the initial crack generation may benefit from such a corrosion 
process. Nevertheless, this initial crack is sufficient to provide a stress concentration 
point, therefore limiting the mechanical stability of the structure. The difference to the 
previously reported stress corrosion cracking is that the corrosive effect can be seen 
already at a single force event, instead of a wear-down scenario. 
Chapter: V Conclusions and Outlook 
106 
The damage obtained in the experiments showed a characteristic shape and size for 
the nanostructure test lines. The shape was round, which indicated a conchoidal 
fracture. Thus, the fracture did not follow any defects or separation planes like the 
grain boundaries within the polysilicon material. The negligible influence of the grain 
boundaries on the yield line could be visualized with TEM measurements, which also 
confirmed, that the rupture occurred inside the polysilicon line. The corner rounding 
at the bottom of the structure shifts the maximum stress away from the interfaces into 
the polysilicon material, which explains the fracture behavior of these structures. 
The size of the damage is influenced by the viscosity of the surrounding media. The 
maximum size of the damage was observed for a viscosity of 0.9 mPas, which is the 
value for de-ionized water. For both larger and lower viscosities, an almost linear 
decrease to smaller damages down to 500 nm was found. An exact model relating 
viscosity and damage size remains to be developed. There was no indication for a 
relationship between the collapse force and the damage size. 
For the “sticking” forces that prevent the structures from relaxing to their original state 
after the removal of the liquid, the solid bridging concept has been introduced for 
MEMS devices. Some publications suggest that silicon oxide is accumulated 
between the structures and bonds them via solid bridging. In order to verify this 
assumption for microelectronic nanostructures, silicon nanoparticles with a size of 
50 nm were used. These particles have the advantage of a comparable length scale 
with STI structures and a high surface-to-volume ratio. The latter allowed the usage 
of NMR and XRD techniques which would otherwise not be sensitive enough for the 
surface phenomenon of solid bridging. A cleaning process was simulated by 
exposing the particles to de-ionized water with a subsequent drying procedure. The 
core-shell particles with a silicon dioxide surface did not experience significant oxide 
growth. The average size of the particles increased for both the freeze drying and the 
evaporative drying procedures, which indicated dissolution of smaller particles. 
Silicon oxide material was found between the particles as a solid bridge, probably 
through the formation of silicates that were deposited during the drying step. The 
largest solid bridges were found for the evaporation drying procedure with less 
significant bridging seen for the freeze drying technique. These results give clear 
hints that the most important step for the generation of solid bridging is the drying 
step.  
Chapter: V Conclusions and Outlook 
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For pattern collapse of sub-50 nm semiconductor structures, the prediction of the 
stability by continuum mechanics is still useful. An important and new result is that 
the surrounding media has a significant influence on the stability of nanoscale 
structures for non-cyclic loads, which has only been reported for cyclic loads in 
macro-scale structures. For the prevention of pattern collapse, bending and the 
subsequent solid bridging by silicates also have to be taken into account. All results 
obtained during the thesis suggest that surface tension alone is not sufficient for the 
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